Animals were raised under usual laboratory conditions. Intestinal
We investigated with an in vivo single pass perfusion technique net absorption and the lumen to mucosa flux of zinc in the proximal and distal small intestine and in the colon segments of suckling (2-wk-old), weanling (3-wk-old) and adolescent (6-wk-old) rats. The concentration of zinc in the isotonic sodium chloride solution perfused through the intestinal segments was either below (10 pM) or above (25, 50, and 100 pM) serum zinc level. In suckling rats, the relationship between luminal zinc concentration and net absorption and lumen to mucosa flux was curvilinear in the proximal segment only; however, the relationship was linear in the distal small intestine and colon. In weanling rats, the relationship between luminal zinc concentration and net absorption and lumen to mucosa flux was curvilinear in the proximal and distal small intestinal segments and linear in the colon segments. In the adolescent rats, the relationship between luminal zinc concentration, net absorption and lumen to mucosa flux was curvilinear in all intestinal segments studied. The curvilinear relationships noted fits a Michaelis-Menten kinetics. Analysis of the kinetic data indicate a progressive rise in mean Km values with age in the proximal segments of all age groups. Similarly, there was a rise in mean Krn values in the distal segments of the weanling and adolescent rats. These findings suggest that intestinal zinc transport is characterized by a maturational pattern which evolves with age.
Zinc is an essential trace element required for optimal growth and development (8) . Studies on intestinal transport of zinc have yielding conflicting results (12, 15, 17) . In vivo studies using ligated loops have shown the duodenum to be the site of maximal absorption (2) (3) (4) . Whereas an in vivo recirculation study showed the ileum to be the maximum site of zinc absorption (1). In vitro studies using tissue bath preparations showed that the ileum absorbs zinc most rapidly (5, 13) . A direct dosing technique showed no regional differences (7); furthermore, the role of the colon in zinc transport has been given little attention.
In adult rats the process of zinc transport was shown to be an active process requiring energy (10) . Moreover, both mucosa to lumen and lumen to mucosa fluxes were shown to be active absorption was determined in suckling (14115-day-old), weanling (21-22-day-old) and adolescent (42-45 day-old) rats. Content of zinc in the breast milk ingested by the suckling and weaning rats was approximately 9 & 0.5 mg/liter (9) . Content of zinc in the regular rat chow was 35 mg/kg. At the time of study, unfasted rats were anesthetized with intraperitoneal injection of an ethylurea phenobarbital mixture (6: l) (K and K Laboratories, Plainview, NY) at a dose of 0.2 m1/100 g body weight. After opening the abdominal cavity, 10-15 segments of proximal, distal small intestine, and the entire colon excluding the cecum were isolated, cannulated, flushed with 20 rnl of warm normal saline and then with 20-30 ml of air. The proximal segment extended from the ligament of Treitz to 10-15 cm aborad. The distal segment extended from the ileocecal valve to 10-15 cm orad. The cannulated segments were then returned to the abdominal cavity. Body temperature of the rats was maintained at 36-37OC at all times during the perfusion. The cannulated segments were perfused in situ at a rate of 0.4 ml/min. The perfusion solution contained per liter: 154 mmole sodium chloride, 30 mg phenol red (as a nonabsorble marker for volume changes) and zinc chloride in concentration either below (10 pM) or above (25, 50, and 100 pM) serum zinc level. After the start of the perfusion, a 30-min period was allowed for attainment of steady-state conditions. Perfusates were then collected during the next three consecutive 20-min periods. At the end of the perfusion periods, wet weight of the segments was determined after expressing the contents gently with forefingers. The segments were then dried in a vacuum oven at 95°C for 24 h and the dry weight was determined. Phenol red in the perfusion solutions and perfusates was determined by a spectrophotometer with a previously described method (14) . Previous recovery studies of phenol red during perfusion in all segments at three age groups showed -97-98% recovery of total phenol red perfused (19) . Zinc concentration in the solutions and tissues was determined by an atomic absorption spectrometer. ["Zn] radioactivity was determined by a gamma counter (Packard 3001 Model).
Disappearance of zinc from the lumen was taken to indicate net absorption. Disappearances of [ 6 5~n ] from the lumen was taken to indicate the lumen to mucosa flux. The calculations are shown below: processes (10) . [65Zn] absorption in prewealing rats (4) .
The characteristics and the kinetics of intestinal zinc transport Where V is volume perfused in each segment in m1/20 min; [Znl in the rat during maturation remains to be defined. Using in viva is total concentration of Zn as pmole/ml; PR is phenol red single pass perfusion technique we studied net absorption and concentration inpg/mliter. ["Zn] is radioactivity of ["Zn] in dpm/ lumen to mucosa flux of zinc from segments of small and large ml; Sp. Act. is the arithmetic mean of specific activity of initial intestine of suckling, weanling, and adolescent rats. Transport of and final ["Zn]/pmole of zinc. Subscript i and f refers to initial zinc was measured in vivo from luminal solutions containing zinc values (i) in the perfusion fluid before perfusion and in the at concentrations between (10-100 pM).
perfusate collected (0, respectively. Absorption rates at 20-min periods did not vary more than 15% within each rat, indicating a MATERIALS AND METHODS steady state. They were added to obtain amount absorbed per h. In order to compare transport rates of zinc in segments from rats After birth, rat pups were distributed among mothers to main-of different age groups, the quantities transported were normalized tain litter size at seven to nine pups until the time of study. for the marked difference in the weights of the perfused segments.
Transport rates were expressed per unit dry weight to indicate "absorptive specific activity" of segment.
Statistical analysis. The unpaired student's t test was used for statistical comparison of differences between mean values obtained for the rats at the different ages. A P value (2) of less than 0.05 was considered to indicate a statistically significant difference between two mean values. For Figure 1 , the straight lines were analyzed using the method of least square curves fit using the formula, [Y = A + (Bx)], to determine the best linear function.
For the curvilinear lines a lineweaver double reciprocal plot of the Michaelis-Menten kinetics was used to calculate Km, Jmax and correlation coefficient values.
RESULTS
Mean body weight and measurements of the perfused proximal, distal small intestine and colon in suckling (14-15-day-old), weanling (21-22-day-old), and adolescent rats (42-45-day-old) are shown in Table 1 . At each age period, six to eight rats had all segments perfused with a solution containing tracer ["Zn] and ZnClz in concentrations of 10, 25, 50, and 100 pM. Figure 1 depicts the rates of transport of zinc and its lumen to mucosa flux in the rats studied at the three age periods. Rates of transport and lumen to mucosa fluxes (pmole/h) are expressed on the basis of dry weight of the segments.
Findings in the proximal small intestine segments. The relationship between net transport rate, lumen to mucosa flux and luminal zinc concentration was curvilinear in the three age periods studied. A lineweaver double reciprocal plot of the transport data indicate that the curves at all age periods fits a Michaelis-Menten kinetics with Km values of (35 f 5 pM) in the suckling rats which was significantly less than mean values in the weanling (62 + 7 pM) and adolescent rats (99 f 7 pM), respectively. Jmax values were not significantly different between all age groups. 
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Michaelis-Menten kinetics with Km values of 29 f 4 pM and 45 f 5 pM for the weanling and adolescent rats, respectively. The Jmax values (pmole/h/g dry weight) were (1.9 f 0.1) and (2.7 f 0.2) for weanling and adolescent rats respectively.
Findings in the colonic segments. The relationship between net transport rate, lumen to mucosa flux and luminal zinc concentration was linear in the suckling and weanling periods; however, a change to a saturable process was noted in the adolescent rats. A lineweaver double reciprocal plot of the transport data indicate that the curve fits a Michaelis-Menten kinetics with Km of (50 f 6 pM) and Jmax of (1.2 f 0.1 pmol/h/g dry weight). Table 2 depicts tissue concentration of zinc in the intestinal and liver tissues of the rats studied. Zinc concentration in the distal segment of the small bowel was similar at all age periods. But mean values in the distal segments were significantly greater than Mean values for zinc concentration in suckling rats are significantly different from corresponding mean values in adolescent rats (P < 0.05-0.01). Table 3 . Liver counts cpm/e wet wei~ht at the end of perfusion per Luminal Zn concentration 10 uM corresponding mean values in proximal and colon segments at all age periods ( P < 0.01). Zinc concentration in the liver of suckling rats was significantly greater than corresponding mean values in weanling and adolescent age periods (P < 0.01). Table 3 depicts radioactive counts per min of ["Zn] in the livers of the rats studied after 90 min of perfusion. The results are expressed as cpm per g of wet weight of tissue. These results confirm the transfer of ["Zn] from the intestine to the body and provide evidence that the disappearance of zinc from perfusate does represent absor tion In suckling rats there were significantly k ' .
greater counts of ["n] per g of tissue during perfusion at all luminal zinc concentrations, compared to corresponding values in adolescent rats ( P < 0.001).
DISCUSSION
The present study demonstrates that the proximal and distal small intestine and the colon segments of rats at all age periods studied transported zinc out of the lumen. Before this study, the process of zinc transport during maturation had not been defined. In the proximal segment of suckling rats, both net absorption and lumen to mucosa flux of zinc showed a saturable process, whereas the relationship between zinc transport and lumen concentration in the distal small intestinal segment and in the colon was linear, indicating a passive process. At the time of weaning, zinc transport in both the proximal and distal small intestinal segments showed a saturable process, whereas transport in the colon segments was by a passive process. In the adolescent rats zinc transport was by a saturable process in the small and large intestinal segments; moreover, there was progressive rise in mean apparent Km values with age. A transport system with low Km in the suckling period indicated a higher affinity to absorb zinc during periods of active growth. The change in Km was evident in proximal intestine at all age groups as well as in the distal intestine of weanling and adolescent rats. The finding of a change in Km values with age agrees with previously published data for glucose transport in the rat and rabbit.
Km values for glucose transport in the small intestine of suckling rats was 7.2 mM compared to Km of 16.7 mM in the postweanling rat (18) . Increasing Km was also noted by Thomson (16) for intestinal glucose transport in rabbits. He found apparent Km of 0.5 mM at 1 wk of age and 4.0 mM in the adult. Two-week-old suckling and adolescent rabbits had kM values which were intermediate between values of the 1-wk-old and the adult rabbits; thus, maturation in both rats and rabbits may be associated with a rise in Km. The mechanism of the changing Km for transport is not clear; it may be related to increased affinity for the permeant or to a lesser thickness of the unstirred water layer adjacent to the intestinal villi in the young animal as compared to the adult. The finding of a saturable transport process in all segments of the adolescent rats indicate a maturational phenomena. Duncan and Hurley (4) have reported that a zinc binding ligand in the intestinal mucosa was responsible for zinc transport. The binding ligand was absent in the first wk of life in the rat and appeared around the end of the second wk of life. It is possible that active zinc transport follows the appearance of the ligand, which also exhibits maturational characteristics along the intestinal tract. Our finding of a saturable zinc transport process in the adolescent rats agrees ~iod with different luminal concentration of zinc in the rats studied ' Liver counts cpm/g wet weight 25 uM 50 uM 100 uM Suckling rats Weanling rats Adolescent rats Values are mean k S.E. Six (6) rats were used in each study.
* Mean values in adolescent rats are significantly different from corresponding values in suckling rats (P < 0.01).
with published in vitro studies which demonstrate an active process for zinc transport in the rat small intestine (10). Kowarski et al. (10) have demonstrated with everted gut sacs technique that zinc transport from the mucosa to the serosa was an active process. This active process was dependent on sodium, oxygen and a metabolizable hexose. Moreover, metabolic inhibitors as 2-4 dinitrophenol and iodoacetate markedly increased both mucosa to serosa and serosa to mucosa fluxes. More recently Davies (3) using a n in vivo model in adult rats has shown that Zn transport was by a saturable process indicating a "carrier" medicated process.
The findings of zinc transport in the colon segment at all age groups indicates a role for the colon in zinc transport. These findings are the first to demonstrate transport of zinc from the colon in animals. The overall contribution of the colon in zinc homeostasis is not known. Because the luminal content of zinc in the normal colon may be minimal, it is reasonable to believe that the role of the colon in overall zinc homeostasis is minimal; however, under certain circumstances such as short bowel syndrome, the colon may contribute to zinc homeostasis.
To further document that disapparance of ["Zn] from the lumen indicates absorption, we measured [65Zn] radioactivity in the livers of the rats studied at the end of the perfusion period. The results indicate that indeed ["Zn] was transferred to the liver (Table 3 ). In the suckling rats ["Zn] counts per min per g of liver tissue was significantly greater, at all luminal concentrations of zinc, compared to ["Zn] counts in adolescent rats reflecting the increased rate of ["Zn] transfer in the younger rats. These findings are consistent with our previous studies on calcium (6) and magnesium ( I 1) transport in the rat during maturation.
